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The search for the a Standard Model Higgs boson at the LHC is reaching a critical stage as the possible
mass range for the particle has become extremely narrow and some signal at a mass of about 125 GeV
is starting to emerge. We study the implications of these LHC Higgs searches for Higgs-portal models of
dark matter in a rather model independent way. Their impact on the cosmological relic density and on
the direct detection rates are studied in the context of generic scalar, vector and fermionic thermal dark
matter particles. Assuming a suﬃciently small invisible Higgs decay branching ratio, we ﬁnd that current
data, in particular from the XENON experiment, essentially exclude fermionic dark matter as well as light,
i.e. with masses below ≈ 60 GeV, scalar and vector dark matter particles. Possible observation of these
particles at the planned upgrade of the XENON experiment as well in collider searches is discussed.
© 2012 Elsevier B.V. Open access under CC BY license.1. Introduction
The ATLAS and CMS Collaborations have recently reported on
the search of the Standard Model (SM) Higgs boson with 5 fb−1
data [1]. Higgs bosons have been excluded in a signiﬁcant mass
range and, ignoring the unlikely possibility of a very heavy particle,
only the very narrow window mh ≈ 115–130 GeV is now left over.
There is even a slight excess of events in the data which could cor-
respond to an SM like Higgs boson with a mass of 125 ± 1 GeV.
Although the statistics are not suﬃcient for the experiments to
claim discovery, one is tempted to take this piece of evidence seri-
ously and analyze its consequences.
In this Letter, we study the implications of these LHC results for
Higgs-portal models of dark matter (DM). The Higgs sector of the
SM enjoys a special status since it allows for a direct coupling to
the hidden sector that is renormalizable. Hence, determination of
the properties of the Higgs boson would allow us to gain informa-
tion about the hidden world. The latter is particularly important
in the context of dark matter since hidden sector particles can be
stable and couple very weakly to the SM sector, thereby offering
a viable dark matter candidate [2]. In principle, the Higgs boson
could decay into light DM particles which escape detection [3].
However, given the fact that the ATLAS and CMS signal is close to
what one expects for a Standard Model-like Higgs particle, there
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Open access under CC BY license.is little room for invisible decays. In what follows, we will assume
that 10% is the upper bound on the invisible Higgs decay branch-
ing ratio, although values up to 20% will not signiﬁcantly change
our conclusions.
We adopt a model independent approach and study generic
scenarios in which the Higgs-portal DM is a scalar, a vector or
a Majorana fermion. We ﬁrst discuss the available constraints on
the thermal DM from WMAP and current direct detection experi-
ments, and show that the fermionic DM case is excluded while in
the scalar and vector cases, one needs DM particles that are heav-
ier than about 60 GeV. We then derive the direct DM detection
rates to be probed by the XENON100-upgrade and XENON1T ex-
periments. Finally, we discuss the possibility of observing directly
or indirectly these DM particles in collider experiments and, in
particular, we determine the rate for the pair production of scalar
particles at the LHC and a high-energy e+e− collider.
2. The models
Following the model independent approach of Ref. [4], we con-
sider the three possibilities that dark matter consists of real scalars
S , vectors V or Majorana fermions χ which interact with the SM
ﬁelds only through the Higgs-portal. The stability of the DM par-
ticle is ensured by a Z2 parity, whose origin is model-dependent.
For example, in the vector case it stems from a natural parity sym-
metry of abelian gauge sectors with minimal ﬁeld content [5]. The
relevant terms in the Lagrangians are
LS = −1m2S S2 −
1
λS S
4 − 1λhSSH†HS2,2 4 4
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2
m2V VμV
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4
λV
(
VμV
μ
)2 + 1
4
λhVV H
†HVμV
μ,
L f = −12m f χ¯χ −
1
4
λhff
Λ
H†Hχ¯χ. (1)
Although in the fermionic case above the Higgs–DM coupling is
not renormalizable, we still include it for completeness. The self-
interaction terms S4 in the scalar case and the (VμV μ)2 term in
the vector case are not essential for our discussion and we will
ignore them. After electroweak symmetry breaking, the neutral
component of the doublet ﬁeld H is shifted to H0 → v + h/√2
with v = 174 GeV and the physical masses of the DM particles
will be given by
M2S =m2S +
1
2
λhSSv
2,
M2V =m2V +
1
2
λhVV v
2,
M f =m f + 12
λhff
Λ
v2. (2)
In what follows, we summarize the most important formulas
relevant to our study. Related ideas and analyses can be found in
[6–9] and more recent studies of Higgs-portal scenarios have ap-
peared in [10,11].
The relic abundance of the DM particles is obtained through
the s-channel annihilation via the exchange of the Higgs boson.
For instance, the annihilation cross section into light fermions of
mass mferm is given by
〈
σ Sfermv
〉= λ2hSSm2ferm
16π
1
(4M2S −m2h)2
,
〈
σ Vfermv
〉= λ2hVVm2ferm
48π
1
(4M2V −m2h)2
,
〈
σ
f
fermv
〉= λ
2
hffm
2
ferm
16π
M2f
Λ2
1
(4M2f −m2h)2
, (3)
where v is the DM relative velocity. The cross section for Majorana
fermion annihilation was computed in [12] in a similar framework.
We should note that in our numerical analysis, we take into ac-
count the full set of relevant diagrams and channels, and we have
adapted the program micrOMEGAs [13] to calculate the relic DM
density.
The properties of the dark matter particles can be studied in
direct detection experiments. The DM interacts elastically with nu-
clei through the Higgs boson exchange. The resulting nuclear recoil
is then interpreted in terms of the DM mass and DM–nucleon cross
section. The spin-independent DM–nucleon interaction can be ex-
pressed as [4]
σ S IS−N =
λ2hSS
16πm4h
m4N f
2
N
(MS +mN)2 ,
σ S IV−N =
λ2hVV
16πm4h
m4N f
2
N
(MV +mN)2 ,
σ S If−N =
λ2hff
4πΛ2m4h
m4NM
2
f f
2
N
(M f +mN)2 , (4)
where mN is the nucleon mass and fN parameterizes the Higgs–
nucleon coupling. The latter subsumes contributions of the light
quarks ( f L) and heavy quarks ( f H ), fN = ∑ f L + 3 × 227 f H . There
exist different estimations of this factor and in what follows we
will use the lattice result fN = 0.326 [14] as well as the MILC re-
sults [15] which provide the minimal value fN = 0.260 and themaximal value fN = 0.629. We note that the most recent lattice
evaluation of the strangeness content of the nucleon [16] favors
fN values closer to the lower end of the above range. In our nu-
merical analysis, we have taken into account these lattice results,
which appear more reliable than those extracted from the pion–
nucleon cross section.
If the DM particles are light enough, MDM  12mh , they will ap-
pear as invisible decay products of the Higgs boson. For the various
cases, the Higgs partial decay widths into invisible DM particles are
given by
Γ invh→S S =
λ2hSSv
2βS
64πmh
,
Γ invh→V V =
λ2hVV v
2m3hβV
256πM4V
(
1− 4M
2
V
m2h
+ 12M
4
V
m4h
)
,
Γ invh→χχ =
λ2hff v
2mhβ
3
f
32πΛ2
, (5)
where βX =
√
1− 4M2X/m2h . We have adapted the program HDE-
CAY [17] which calculates all Higgs decay widths and branching
ratios to include invisible decays.
3. Astrophysical consequences
The ﬁrst aim of our study is to derive constraints on the various
DM particles from the WMAP satellite [18] and from the current
direct detection experiment XENON100 [19], and to make predic-
tions for future upgrades of the latter experiment, assuming that
the Higgs boson has a mass mh = 125 GeV and is approximately
SM-like such that its invisible decay branching ratio is smaller than
10%; we have checked that increasing this fraction to 20% does not
change our results signiﬁcantly.
In Fig. 1, we delineate the viable parameter space for the Higgs-
portal scalar DM particle. The area between the two solid (red)
curves satisﬁes the WMAP constraint, with the dip correspond-
ing to resonant DM annihilation mediated by the Higgs exchange.
We display three versions of the XENON100 direct DM detection
bound corresponding to the three values of fN discussed above.
The dash-dotted (brown) curve around the Higgs pole region rep-
resents BRinv = 10% such that the area to the left of this line is
excluded by our constraint BRinv < 10%. The prospects for the up-
grade of XENON100 (with a projected sensitivity corresponding to
60,000 kgd, 5–30 keV and 45% eﬃciency) and XENON1T are shown
by the dotted lines.
We ﬁnd that light dark matter, MDM  60 GeV, violates the
bound on the invisible Higgs decay branching ratio and thus is ex-
cluded. This applies in particular to the case of scalar DM with
a mass of 5–10 GeV considered, for instance, in Ref. [8]. On the
other hand, heavier dark matter, particularly for MDM  80 GeV,
is allowed by both BRinv and XENON100. We note that almost the
entire available parameter space will be probed by the XENON100-
upgrade. The exception is a small resonant region around 62 GeV,
where the Higgs–DM coupling is extremely small.
In the case of vector Higgs-portal DM, the results are shown in
Fig. 2 and are quite similar to the scalar case. WMAP requires the
Higgs–DM coupling to be almost twice as large as that in the scalar
case. This is because only opposite polarization states can anni-
hilate through the Higgs channel, which reduces the annihilation
cross section by a factor of 3. The resulting direct detection rates
are therefore somewhat higher in the vector case. Note that for
DM masses below mh/2, only very small values λhVV < O(10−2)
are allowed if BRinv < 10%.
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red curves), XENON100 and BRinv = 10% for mh = 125 GeV. Shown also are the
prospects for XENON upgrades. (For interpretation of the references to color in this
ﬁgure, the reader is referred to the web version of this Letter.)
Fig. 2. Same as Fig. 1 for vector DM particles.
Similarly, the fermion Higgs-portal results are shown in Fig. 3.
We ﬁnd no parameter regions satisfying the constraints, most no-
tably the XENON100 bound, and this scenario is thus ruled out for
λhff /Λ 10−3.
This can also be seen from Fig. 4, which displays predictions
for the spin-independent DM–nucleon cross section σSI (based on
the lattice fN ) subject to the WMAP and BRinv < 10% bounds. The
upper band corresponds to the fermion Higgs-portal DM and is
excluded by XENON100. On the other hand, scalar and vector DM
are both allowed for a wide range of masses. Apart from a very
small region around 12mh , this parameter space will be probed by
XENON100-upgrade and XENON1T. The typical value for the scalar
σSI is a few times 10−9 pb, whereas σSI for vectors is larger by a
factor of 3 which accounts for the number of degrees of freedom.
4. Dark matter production at colliders
The next issue to discuss is how to observe directly the Higgs-
portal DM particles at high energy colliders. There are essentiallyFig. 3. Same as in Fig. 1 for fermion DM; λhff /Λ is in GeV−1.
Fig. 4. Spin independent DM–nucleon cross section versus DM mass. The upper
band (3) corresponds to fermion DM, the middle one (2) to vector DM and the
lower one (1) to scalar DM. The solid, dashed and dotted lines represent XENON100,
XENON100-upgrade and XENON1T sensitivities, respectively.
two ways, depending on the Higgs versus DM particle masses. If
the DM particles are light enough for the invisible Higgs decay
to occur, MDM  12mh , the Higgs cross sections times the branch-
ing ratios for the visible decays will be altered, providing indirect
evidence for the invisible decay channel. In the case of the LHC,
a detailed analysis of this issue has been performed in Ref. [7] for
instance and we have little to add to it. Nevertheless, if the invis-
ible Higgs branching ratio is smaller than ≈ 10%, its observation
would be extremely diﬃcult in view of the large QCD uncertain-
ties that affect the Higgs production cross sections, in particular in
the main production channel, the gluon fusion mechanism gg → h
[20]. In fact, the chances of observing indirectly the invisible Higgs
decays are much better at a future e+e− collider. Indeed, it has
been shown that, at
√
s ≈ 500 GeV collider with 100 fb−1 data, the
Higgs production cross sections times the visible decay branching
fractions can be determined at the percent level [21,22].
The DM particles could be observed directly by studying asso-
ciated Higgs production with a vector boson and Higgs production
in vector boson fusion with the Higgs particle decaying invisibly.
At the LHC, parton level analyses have shown that, although ex-
tremely diﬃcult, this channel can be probed at the 14 TeV upgrade
with a suﬃciently large amount of data [23] if the fraction of in-
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√
s = 14 TeV as
a function of their mass for λhSS = 1 in the processes pp → Z S S,W SS and pp →
W ∗W ∗ + Z∗ Z∗ → S Sqq.
visible decays is signiﬁcant. A more sophisticated ATLAS analysis
has shown that only for branching ratios above 30% that a signal
can be observed at
√
s = 14 TeV| and 10 fb−1 data in the mass
range mh = 100–250 GeV [24]. Again, at a 500 GeV e+e− collider,
invisible decays at the level of a few percent can be observed in
the process e+e− → hZ by simply analyzing the recoil of the lep-
tonically decaying Z boson [21,22].
If the DM particles are heavy, MDM  12mh , the situation be-
comes much more diﬃcult and the only possibility to observe
them would be via their pair production in the continuum through
the s-channel exchange of the Higgs boson. At the LHC, taking the
example of the scalar DM particle S , three main processes can
be used: (a) double production with Higgs-strahlung from either
a W or a Z boson, qq¯ → V ∗ → V SS with V = W or Z , (b) the
WW /Z Z fusion processes which lead to two jets and missing en-
ergy qq → V ∗V ∗qq → S Sqq and (c) the gluon–gluon fusion mech-
anism which is mainly mediated by loops of the heavy top quark
that couples strongly to the Higgs boson, gg → h∗ → S S .
The third process, gg → S S , leads to only invisible particles in
the ﬁnal state, unless some additional jets from higher order con-
tributions are present and reduce the cross section [25] and we
will ignore it here. For the two ﬁrst processes, following Ref. [26]
in which double Higgs production in the SM and its minimal su-
persymmetric extension has been analyzed, we have calculated the
production cross sections. The exact matrix elements have been
used in the qq¯ → Z S S,W SS processes while in vector boson fu-
sion, we have used the longitudinal vector boson approximations
and specialized to the WLWL + ZL ZL → S S case which is expected
to provide larger rates at the highest energy available at the LHC
i.e.
√
s = 14 TeV (the result obtained in this way is expected to ap-
proximate the exact result within about a factor of two for low
scalar masses and very high energies); the analytical expressions
are given in Appendix A.
As can be seen from Fig. 5 where the cross sections are shown
as a function of MDM for λhSS = 1, the rates at
√
s = 14 TeV
are at the level of 10 fb in the WW + Z Z → S S process for
Mh  120 GeV and one order of magnitude smaller for associated
production with W and Z bosons. Thus, for both processes, even
before selection cuts are applied to suppress the backgrounds, the
rates are small for DM masses of order 100 GeV and will require
extremely high luminosities to be observed.
Again, the chances of observing DM pair production in the
continuum might be higher in the cleaner environment of e+e−
collisions. The two most important production processes in this
context, taking again the example of a scalar DM particle, areFig. 6. Scalar DM pair production cross sections at e+e− colliders as a function of
the DM mass for λhSS = 1 in the processes e+e− → Z S S at
√
s = 500 GeV and
Z Z → S S at √s = 3 TeV.
e+e− → Z S S that dominates at relatively low energies and
e+e− → Z∗ Z∗e+e− → e+e−S S which becomes important at high
energies. The rate for WW fusion is one order of magnitude larger
but it leads to a fully invisible signal, e+e− → W ∗W ∗νν¯ → νν¯ S S .
Following again Ref. [26], we have evaluated the cross sections
for e+e− → Z S S at √s = 500 GeV (the energy range relevant for
the ILC) and for ZL ZL → S S at √s = 3 TeV (relevant for the CERN
CLIC) and the results are shown in Fig. 6 as a function of the mass
MS for λhSS = 1. One observes that the maximal rate that one can
obtain is about 10 fb near the Higgs pole in Z S S production and
which drops quickly with increasing MS . The process Z Z → S S
becomes dominant for MS  100 GeV, but the rates are extremely
low, below ≈ 0.1 fb.
The situation should be similar in the case of vector and
fermion DM and we refrain from discussing it here.
5. Conclusion
We have analyzed the implications of the recent LHC Higgs
results for generic Higgs-portal models of scalar, vector and
fermionic dark matter particles. Requiring the branching ratio for
invisible Higgs decay to be less than 10%, we ﬁnd that the DM-
nucleon cross section for electroweak-size DM masses is predicted
to be in the range 10−9–10−8 pb in almost all of the parameter
space. Thus, the entire class of Higgs-portal DM models will be
probed by the XENON100-upgrade and XENON1T direct detection
experiments, which will also be able to discriminate between the
vector and scalar cases. The fermion DM is essentially ruled out
by the current data, most notably by XENON100. Furthermore, we
ﬁnd that light Higgs-portal DM MDM  60 GeV is excluded inde-
pendently of its nature since it needs a large invisible Higgs decay
branching ratio, which should be incompatible with the production
of an SM-like Higgs boson at the LHC. Finally, it will be diﬃcult to
observe the DM effects by studying Higgs physics at the LHC. Such
studies can be best performed in Higgs decays at the planned e+e−
colliders. However, the DM particles have pair production cross
sections that are too low to be observed at the LHC and eventu-
ally also at future e+e− colliders unless very high luminosities are
made available.
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Appendix A
The differential cross section for the pair production of two
scalar particles in association with a Z boson, e+e− → Z S S , af-
ter the angular dependence is integrated out, can be cast into the
form (v = 174 GeV):
dσ(e+e− → Z S S)
dx1 dx2
= G
3
F M
2
Z v
4
384
√
2π3s
(aˆ2e + vˆ2e )
(1− μZ )2 λ
2
hSSZ, (A.1)
where the electron–Z couplings are deﬁned as aˆe = −1 and vˆe =
−1+ 4sin2 θW , x1,2 = 2E1,2/√s are the scaled energies of the two
scalar particles, x3 = 2 − x1 − x2 is the scaled energy of the Z bo-
son; the scaled masses are denoted by μi = M2i /s. In terms of
these variables, the coeﬃcient Z may be written as
Z = 1
4
μZ (x23 + 8μZ )
(1− x3 + μZ − μh)2 . (A.2)
The differential cross section has to be integrated over the allowed
range of the x1, x2 variables; the boundary condition is∣∣∣∣2(1− x1 − x2 + 2μS − μZ ) + x1x2√
x21 − 4μS
√
x22 − 4μS
∣∣∣∣ 1. (A.3)
For the cross section at hadron colliders, i.e. for the process qq¯ →
Z S S one has to divide the amplitude squared given above by a
factor 3 to take into account color sum/averaging, replace e by q
(with aq = 2I3q , vq = 2I3q − 4eq sin2 θW with I3q and eq for isospin
and electric charge) and the c.m. energy s by the partonic one sˆ;
one has then to fold the obtained partonic cross section with the
quark/antiquark luminosities. The extension to the qq¯ → W SS case
(with aq = vq =
√
2 ) is straightforward.
For the vector boson fusion processes, one calculates the cross
sections for the 2 → 2 processes V LV L → S S in the equivalent lon-
gitudinal vector boson approximation and then fold with the V L
spectra to obtain the cross section the entire processes e+e− →
S S and qq → qqS S; see Ref. [26] for details. Taking into account
only the dominant longitudinal vector boson contribution, denot-
ing by βV ,S the V , S velocities in the c.m. frame, sˆ1/2 the invariant
energy of the V V pair, the corresponding cross section of the sub-
process V LV L → S S reads
σˆV L V L =
G2F M
4
V v
4
4π sˆ
λ2hSS
βS
βW
[
1+ β2W
1− β2W
1
(sˆ − M2h)
]2
. (A.4)
The result obtained after folding with the vector boson spectra is
expected to approximate the exact result within about a factor of
two for low scalar masses and very high energies.
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